The ADP/ATP carrier (AAC) proteins play a central role in cellular metabolism as they facilitate the exchange of ADP and ATP across the mitochondrial inner membrane. We present evidence here that in yeast (Saccharomyces cerevisiae) mitochondria the abundant Aac2 isoform exists in physical association with the cytochrome bc 1 -cytochrome c oxidase (COX) supercomplex and its associated TIM23 machinery. Using a His-tagged Aac2 derivative and affinity purification studies, we also demonstrate here that the Aac2 isoform can be affinity purified with other AAC proteins. Co-purification of the Aac2 protein with the TIM23 machinery can occur independently of its association with the fully assembled cytochrome bc 1 -COX supercomplex. In the absence of the Aac2 protein, the assembly of the cytochrome bc 1 -COX supercomplex is perturbed, whereby a decrease in the III 2 -IV 2 assembly state relative to the III 2 -IV form is observed. We propose that the association of the Aac2 protein with the cytochrome bc 1 -COX supercomplex is important for the function of the OXPHOS complexes and for the assembly of the COX complex. The physiological implications of the association of AAC with the cytochrome bc 1 -COX-TIM23 supercomplex are also discussed.
INTRODUCTION
ATP synthesized within the mitochondrial matrix by the F 1 F o -ATP synthase is transported out across the inner membrane by the AAC proteins, a process which is coupled to the import of ADP into the mitochondrial matrix (Klingenberg, 1989; Gawaz et al., 1990; Drgon et al., 1991; Pebay-Peyroula & Brandolin, 2004; Nury et al., 2006) . The AAC proteins span the inner mitochondrial membrane six times with short N-and C-terminal hydrophilic tails in the intermembrane space (Pebay-Peyroula et al., 2003) . A number of mitochondrial AAC isoforms have been shown to exist in many organisms. In the yeast Saccharomyces cerevisiae (S.
cerevisiae), the model organism of this study, there are three AAC isoforms, encoded by the AAC1, AAC2 and AAC3 genes (Klingenberg, 1989; Gawaz et al., 1990; Drgon et al., 1991) . In aerobically grown cells, the Aac2 protein is the most abundant AAC isoform and the Aac1 represents a minor isoform. The AAC3 gene is predominantly expressed under anaerobic growth conditions (Gawaz et al., 1990; Drgon et al., 1991) . The Sa1l protein represents another member of the mitochondrial AAC family, which also catalyzes ADP/ATP exchange, but it differs from other AAC family members in that it contains an extended N-terminal hydrophilic region proposed to be involved in Ca ++ binding (Chen, 2004) . Deletion of both the AAC2 and AAC3
genes, or of the AAC2 and SAL1 genes, results in a synthetic lethal phenotype under anaerobic and aerobic conditions, respectively (Drgon et al., 1992; Chen, 2004) . Thus in addition to their role in ADP/ATP exchange, these AAC family members perform additional overlapping function(s) which are essential for cell viability. It is currently unclear, however, what essential role(s) these AAC family members may have.
The oxidative phosphorylation (OXPHOS) enzymes are large multi-subunit complexes embedded in the mitochondrial inner membrane. These enzymes are not randomly organized as individual complexes in the membrane, but rather exist as higher-ordered assembly states termed "supercomplexes", formed by the stable physical association of proteins between the OXPHOS complexes (Boumans et al., 1998; Arnold et al., 1998; Cruciat et al., 2000; Paumard, et al., 2002; Schägger & Pfeiffer, 2000; Schägger, 2002; Pfeiffer et al., 2003; Gavin et al., 2005; Dudkina et al., 2005 Dudkina et al., , 2006 McKenzie et al., 2006; Heinemeyer et al., 2007; Zara et al., 2007; Marques et al., 2007 , Saddar et al., 2008 . Formation of supercomplexes has been proposed to concentrate these enzymes into localized areas within the mitochondrial inner membrane, i.e. to form "OXPHOS platforms", also termed "respirasomes" (Schägger & Pfeiffer, 2000; Dudkina et al., 2006) . Two supercomplex assemblies in yeast mitochondria, the dimeric ATP synthase and the cytochrome bc 1 -cytochrome c oxidase (COX) supercomplex have been previously described (Arnold et al., 1998; Paumard et al., 2002; Cruciat et al., 2000; Schägger & Pfeiffer, 2000) . In addition, it has recently been established that a subpopulation of the cytochrome bc 1 -COX complex has the capacity to interact with the TIM23 machinery and also to associate with the Shy1 and Cox14 proteins (van der Laan et al., 2006; Mick et al., 2007; Wiedemann et al., 2007) . The TIM23 machinery forms a voltage sensitive channel in the mitochondrial inner membrane which facilitates the import of nuclearly encoded proteins into the mitochondria (Truscott et al., 2001; Grigoriev et al., 2004; Chacinska et al., 2005; Kutik et al., 2007) . The Shy1 and Cox14 proteins are assembly factors specific for the COX biogenesis pathway (Glerum et al., 1995; Mashkevich et al., 1997; Barrientos et al., 2004; Pierrel et al., 2007 ).
It has not been addressed until now whether the yeast AAC proteins, essential components of the mitochondrial OXPHOS pathway, may also form higher-ordered assemblies or "supercomplexes" with the other OXPHOS complexes. Although one report has indicated that some AAC protein may be associated with a minor population of the ATP synthase in bovine mitochondria (Ko et al., 2003) , it has been generally considered until now that the AAC proteins exist as physically separate entities in the inner membrane, possibly forming homo-dimers, and where the monomeric AAC has been proposed to represent the enzymatically active form of AAC (Klingenberg, 1989; Nury et al., 2005 Nury et al., , 2006 Pebay-Peyroula et al., 2003; Bamber et al., 2007 a,b) .
In this study, we have analyzed the assembly state of the AAC proteins in yeast mitochondria. We demonstrate here that the predominant Aac2 isoform exists together with other AAC proteins and in a higher-ordered complex composed of the cytochrome bc 1 -COX supercomplex and the TIM23 translocase. Using His-tagged version of Aac2 we demonstrate here that the cytochrome bc 1 -COX supercomplex and the TIM23 machinery can be specifically co-purified with the Aac2 protein.
MATERIALS AND METHODS

Yeast Strains and Growth Conditions
S. cerevisiae strains used in this study are wild-type (WT) ( Mat a, leu2, trp1, ura3, his3, ade2) , and ∆aac2 (W303-1B, AAC2::KAN) (Chen, 2004) . The yeast strains harboring Histagged ATP synthase subunits Su e and F 1 β were previously described (Brunner et al., 2002; Mueller et al., 2004 Yeast strains were maintained and cultured using standard protocols at 30 °C on YP-0.5 % lactate media supplemented with 3 % glycerol and 0.2% galactose, or in the case of the ∆aac2 and rho 0 strains (and the wild type when analyzed in parallel) in YP-0.5 % lactate media supplemented with 2 % galactose.
Expression of the His Aac2 derivative
For the expression of His Aac2, a DNA fragment encoding His Aac2 (an Aac2 derivative bearing a 12 histidine tag at the N-terminus) was generated through PCR and was cloned as an XbaI/PstI fragment into a Yip351-based vector and downstream from the galactose-inducible GAL10
promoter. The recombinant plasmids were integrated into the yeast genome of the wild type and ∆aac2 strains at the LEU2 locus following linearization with BstEII. Expression of the His Aac2 protein was induced by the inclusion of galactose to the growth media.
Two-dimensional Blue-native-SDS-PAGE electrophoresis
Mitochondria (200 µg protein) were solubilized in lysis buffer (34 mM potassium acetate, 34 mM HEPES-KOH, pH 7.4, 11.4 % glycerol and 1 mM PMSF) with digitonin (0.5 % to 1.5 %, as indicated) for 30 min on ice and then were subjected to a clarifying spin of 30,000 x g for 30 min
at 4°C. The supernatant from each sample was analyzed on a blue-native (BN) gel, using 3. [5] [6] [7] [8] [9] [10] %, or 7-17 % gradient gels, as indicated, (Cruciat et al., 2000; Saddar et al., 2008) . When indicated, a second dimension SDS-PAGE separation was performed following the BN-PAGE step. To do so, the excised BN-PAGE gel strip was inserted on top of a SDS-PAGE gel, sealed with agarose solution (0.7% (w/v) agarose, 0.5% (w/v) SDS, and 15 mM ß-mercaptoethanol) and was electrophoresed. Followed by western blotting, the nitrocellulose membrane was immunedecorated with subunit-specific antibodies, as indicated. The molecular weight markers used for the BN-PAGE are bovine serum albumin (66 kDa), alcohol dehydrogenase (150 kDa), β-amylase (200 kDa), apoferritin (443 kDa) and thyroglobulin (670 kDa).
Affinity purification of His-tagged Aac2 protein
Mitochondria (200 µg protein) harboring the His Aac2 derivative were solubilized with digitonin (0.5 %) as described above for the BN-PAGE sample preparation. After the clarifying spin the sample (70 µL) was supplemented with additional lysis buffer (150 µL), digitonin (final concentration 0.4 %), imidazole and bovine serum albumin, to final concentrations of 20 mM and 3 mg/mL, respectively. The sample was applied to Ni-NTA beads (preequilibrated in the lysis buffer) and incubated with constant turning at 4 o C for 1.5 hour. The beads were washed twice with lysis buffer containing 20 mM imidazole and 0.2 % digitonin and once with lysis buffer-imidazole without digitonin. The bound proteins were eluted with SDS-sample buffer and analyzed by SDS-PAGE.
Accumulation and affinity purification of F 1 β translocation intermediate
Radiolabeled F 1 β protein was imported into wild type and ∆aac2+ His Aac2 mitochondria for 30 min at 4 o C, in the absence of ATP, and in the absence or presence of valinomycin, as previously described (Schleyer & Neupert, 1985; Gallas et al., 2006; Wiedemann et al., 2007) . Following import, mitochondria were reisolated by centrifugation, washed and lysed, in buffer containing digitonin (1.5 %). Ni-NTA chromatography was performed as described above, with the exception that the binding and wash steps contained 1 % digitonin. The level of radiolabeled F 1 β recovered on the Ni-NTA beads was quantified using a Storm 840 Phosphorimager.
Enzyme measurements
Measurements of NADH-cytochrome c reductase (cytochrome bc 1 ) and cytochrome c oxidase (COX) enzyme activities were performed essentially, as previously described (Tzagoloff et al., 1975) . Mitochondria (20 ug protein) were solubilized with sodium deoxycholate (0.5 %) prior to the enzyme assay. The NADH-cytochrome c reductase activity was assayed spectrophotometrically by following the reduction exogenously added horse heart cytochrome c at 550 nm in the presence of 0.1 mM KCN; the COX activity was measured by following the oxidation of exogenously added ferro-cytochrome c at 550 nm. In both cases the relative specific activities of the enzymes were calculated for both wild type and ∆aac2 mitochondria.
Miscellaneous
Mitochondrial isolation, protein determinations and SDS-PAGE were performed according to published methods (Herrmann et al., 1994; Bradford, 1976; Laemmli, 1970) .
RESULTS
AAC exists in a higher-ordered complex which co-migrates with the cytochrome bc 1 -COX-
TIM23 supercomplex
Mitochondrial membrane proteins were solubilized with the mild detergent digitonin and protein complexes were analyzed by BN-PAGE followed by second dimension SDS-PAGE resolution ( Figure 1A ). When solubilized with 1.5 % (w/v) digitonin, the AAC protein was found to be predominantly distributed between two closely migrating fractions in the range of the 150 kDa and 200 kDa marker protein complexes, respectively ( Figure 1A Thus a population of AAC may have the capacity to interact with one of these OXPHOS supercomplexes in a supercomplex assembly form and the relatively high level of digitonin used for the solubilization step may have largely interfered with this association.
In a similar fashion, a subpopulation of the TIM23 machinery has been recently described to associate with the cytochrome bc 1 -COX supercomplex and this association is sensitive to the level of digitonin used during the lysis step (van der Laan et al., 2006; Saddar et al., 2008) .
Under the detergent conditions used here (1.5 % digitonin), the TIM23 complex does not remain associated with the cytochrome bc 1 -COX complex, but rather is largely distributed between two populations which, like AAC, migrate close to the 150 kDa and 200 kDa marker complexes, respectively ( Figure 1A ). The TIM23 complex has been previously described to exist in multiple forms, which on BN-PAGE gels, have collectively been grouped into two populations, the TIM23 core (approximately 100-140 kDa in size) and the TIM23* (approximately 150-300 kDa in size) forms (Chacinska et al., 2005; van der Laan et al., 2006) , as indicated in Figure 1A .
We lowered the concentration of digitonin used during the lysis step to 0.5 % (conditions known to maintain the association of TIM23 with the cytochrome bc to address what affect this had, if any, on the assembly state of the AAC protein ( Figure 1B ). When the detergent concentrations were reduced in this manner, the vast majority of the solubilized AAC protein and a significant fraction of the TIM23 complex were observed to co-migrate with the cytochrome bc 1 -COX supercomplex. Furthermore, under these conditions, the size of the cytochrome bc 1 -COX supercomplex exceeded that of the dimeric ATP synthase (monitored through Atp4), indicating that the size of this supercomplex was greater under these mild detergent conditions ( Figure 1B ). The observed increase in size is presumably due to the presence of additional components, such as AAC and the TIM23 complex which remained associated with the cytochrome bc 1 -COX supercomplex under these milder conditions.
On the basis of these data we conclude that the AAC protein solubilized under the conditions used here does not exist as a physically separate entity in the mitochondrial membrane, but rather assembles into higher-ordered complexes. Furthermore, using mild detergent solubilization conditions a significant fraction of AAC co-migrates with the cytochrome bc 1 -COX-TIM23 supercomplex.
Expression of His-tagged Aac2 derivative
The AAC antibody used in this analysis can recognize all three yeast AAC isoforms ( complexes on the Ni-NTA beads was specific for the presence of the His-tagged Aac2 protein, as they were not present on the Ni-NTA beads from the wild type control mitochondria analyzed in parallel. Furthermore, subunits of the abundant F 1 F o -ATP synthase, were not recovered on the beads with the His Aac2 protein (monitored by F 1 α), further demonstrating the specificity of the association of the Aac2 protein with the cytochrome bc 1 -COX and TIM23 complexes.
We also performed in parallel affinity purification of the abundant F 1 F o -ATP synthase complex using His-tagged F 1 β or Su e proteins, components of the F 1 -and F o -ATP synthase sectors, respectively (Mueller et al., 2004; Brunner et al., 2002) . Recovery of the F 1 F o -ATP synthase was successfully achieved using these tagged proteins, as demonstrated by the recovery of F 1 α on the Ni-NTA beads. In contrast to the His Aac2 purification, the cytochrome bc 1 -COX and TIM23 complexes were not co-recovered on the Ni-NTA beads with His-tagged F 1 β or Su e proteins ( Figure 3A) . Furthermore, the AAC protein was not observed to co-purify with the affinity purified F 1 F o -ATP synthase complexes. These results further demonstrate the specificity of the co-recovery of the cytochrome bc 1 -COX-TIM23 complex with the His Aac2 protein.
Next we generated a rho 0 derivative of the ∆aac2 strain expressing the His Aac2 protein.
Rho 0 mitochondria lack assembled cytochrome bc 1 -COX supercomplexes because central components of these complexes (cytochrome b, Cox1, Cox2 and Cox3) are mtDNA encoded.
Although present in the ∆aac2-His Aac2, rho 0 mitochondria (albeit at levels reduced relative to wild type), Core1 and Core2 proteins were not recovered on the Ni-NTA beads with the His Aac2 protein ( Figure 3B ). These data show that co-purification of the Core1 and Core2 proteins with the His Aac2 derivative was dependent on their assembly into the fully-assembled cytochrome bc 1 -COX supercomplex.
Finally, we addressed whether the recovery of the Aac2 protein and the cytochrome bc 1 -COX complex reflects their physical interaction in organello, or whether it is due to their association in a post-lysis manner. To do so, we performed a pre-lysis mixing experiment where the ∆aac2-His Aac2, rho 0 mitochondria (i.e. lacking assembled cytochrome bc were combined and lysed together with ∆aac2, rho + mitochondria (i.e. containing cytochrome bc 1 -COX complex, but lacking His Aac2). If the observed co-purification of the cytochrome bc 1 -COX complex with His Aac2 was due to their physical association in a post-lysis fashion then the cytochrome bc 1 -COX complex from the ∆aac2 mitochondria, should be recovered with the His Aac2 protein originating from the rho 0 mitochondria. However, this was not the case, as the Core1 and Core2 proteins were not co-purified with the His Aac2 protein from the ∆aac2-His Aac2, rho 0 mitochondria ( Figure 3B ). Co-purification of the cytochrome bc 1 -COX subunits with
His Aac2 was only observed with the His Aac2 protein solubilized from the ∆aac2-His Aac2, rho + mitochondria ( Figure 3B ). Taking these results together, we conclude that Aac2 physically coassembles with the cytochrome bc 1 -COX supercomplex in organello and not in a post-lysis fashion. We conclude therefore that Aac2 assembles with the cytochrome bc 1 - complex in the mitochondrial membrane.
The interaction between the AAC protein and the cytochrome bc 1 -COX-TIM23 supercomplex is functionally relevant
We next addressed the consequence of the physical absence of the Aac2 protein on the cytochrome bc 1 -COX and TIM23 complexes. We first measured the cytochrome bc 1 and COX enzyme activities in mitochondria isolated from the wild type and ∆aac2 strains. The levels of COX enzyme activity was found to be reduced by approximately 55 % in the ∆aac2 mitochondria, relative to the wild type control ( Figure 4A ). The cytochrome bc 1 enzyme activity levels, on the other hand, were not as significantly reduced in the absence of Aac2; a reduction of approximately 15 % was measured in the aac2 null mitochondria, relative to the wild type control ( Figure 4A ). Consistent with the observed reduction in COX enzyme activity, the levels of the COX subunits tested (Cox2 and Cox5a) were found to be reduced in the ∆aac2 mitochondria when compared to wild type mitochondria ( Figure 4B ). Expression of the His Aac2 protein in the ∆aac2 cells restored Cox2 and Cox5a levels to those of wild type. Thus the presence of the Aac2 protein appears to be important to support normal levels of the COX complex subunits. The steady state levels of the cytochrome bc 1 complex subunits (Core1 and Core2) appeared to be relatively unaffected in the absence of Aac2, indicating that Aac2 was not required for efficient cytochrome bc 1 biogenesis and/or stability, results which are consistent with the measured cytochrome bc 1 enzyme levels. The levels of the TIM23 complex, as judged by the Tim17 and Tim23 levels, did not appear to be adversely affected in the absence of Aac2
( Figure 4B ).
The assembly state of the cytochrome bc 1 -COX supercomplex in the absence of the Aac2 protein was next addressed. Mitochondria isolated from wild type, the ∆aac2 null and the ∆aac2 strain harboring the His Aac2 derivative were solubilized with digitonin and the assembly states of the cytochrome bc 1 -COX were analyzed by a 1-dimensional BN-PAGE gel ( Figure 4C ). In wild type mitochondria, as indicated by immuneblotting with Core1 antiserum, the cytochrome bc 1 -COX supercomplex was predominantly present in a complex of a size that corresponds to the previously described III 2 -IV 2 stoichiometric form (III, cytochrome bc 1 ; IV, COX) (Schägger & Pfeiffer, 2000; Pfeiffer et al., 2003) . A minor fraction was present in a slightly smaller form, which has previously been termed the III 2 -IV complex ( Figure 4C ). In the absence of Aac2, a perturbation in the assembly state of the cytochrome bc 1 -COX complex was observed on a couple of levels. First, decreased levels and altered ratios of the III 2 -IV 2 and III 2 -IV supercomplex forms were observed, whereby an increase in the level of the III 2 -IV form relative to the III 2 -IV 2 form was seen in the ∆aac2 mitochondrial extracts. Second, additional Core1-containing complexes of approximately 670 kDa and smaller (indicated by III* and III**, respectively) were observed in the ∆aac2 mitochondria and in contrast to the wild type control ( Figure 4C ). Expression of His Aac2 in the ∆aac2 strain largely restored the altered cytochrome bc 1 -COX assembly state back to that of wild type mitochondria, as the majority of the cytochrome bc 1 -COX complex in the ∆aac2+ His Aac2 mitochondria appeared from its electrophoretic profile to resemble the abundant III 2 -IV 2 form with a minor population being present as the III 2 -IV form. Some Core1-containing complex (III**) was also observed in the ∆aac2+ His Aac2 mitochondria, suggesting complementation of the assembly defect of the cytochrome bc 1 -COX supercomplex was not complete upon expression of the His Aac2 derivative ( Figure 4C ).
Thus we conclude that the Aac2 protein is important to secure the normal assembly of the III 2 -IV 2 stoichiometric-form of the cytochrome bc 1 -COX supercomplex. In the absence of Aac2, the significant increase of the III 2 -IV assembly form (relative to the III 2 -IV 2 form) may correlate with the reduced, and possibly limiting, levels of the COX complex in the ∆aac2 mitochondria.
The assembly state of the F 1 F o -ATP synthase (as monitored through Atp4) was not perturbed in the absence of Aac2 (results not shown).
The assembly state of the AAC proteins and the TIM23 complex was also analyzed in the wild type, ∆aac2 and ∆aac2+ His Aac2 mitochondria by BN-PAGE followed by SDS-PAGE analysis ( Figure 4D ). In wild type mitochondria under these detergent conditions, the majority of the TIM23 machinery was released from the cytochrome bc 1 -COX supercomplex and, as previously described in Figure 1 , was observed to partition between the two diverse TIM23 core and TIM23* populations. Both the TIM23 core and TIM23* populations were observed in the ∆aac2 mitochondria, indicating that the assembly states of these TIM23 forms are not grossly altered in the absence of Aac2. However, a slight mobility shift in the TIM23* population was observed in the ∆aac2 mitochondria, indicating that the size of at least some of the TIM23* forms may be smaller in the absence of Aac2. The alteration in the mobility of the TIM23* forms was partially restored in the ∆aac2 mitochondria harboring the His Aac2 derivative, where the TIM23* forms appeared to have a more uniform size. An increased level of Tim23 running at the front of the gel was observed in the ∆aac2 mitochondria, both in the absence and presence of the His-tagged Aac2 derivative, suggesting that the stability of the TIM23 complex may be altered in the absence of wild type levels of the Aac2 protein.
As previously described in wild type mitochondria, the AAC protein largely partitioned between two major fractions and exhibited a similar electrophoretic profile as the TIM23 core and TIM23* populations. As the other AAC isoform(s) are of similar size as the endogenous Aac2 protein, they cannot be distinguished in the wild type extracts due to the abundance of the Aac2 protein, the major AAC isoform. Decoration of the ∆aac2 mitochondrial extracts with the AAC antiserum, followed by prolonged exposure, however, allowed the detection of the other minor AAC isoforms(s). These AAC isoform(s) were distributed between a number of complexes,
ranging from approximately 90 kDa through 400 kDa. These AAC isoform complexes did not largely co-migrate with TIM23 core , but an AAC complex in the 200 kDa size range, did partially overlap with the TIM23* population ( Figure 4D ). Because the AAC antiserum used in this analysis recognizes both the Aac1 and Aac3 isoforms, we cannot distinguish which isoform(s) these may represent. Interestingly, the majority of the His Aac2 protein was recovered comigrating with the cytochrome bc 1 -COX supercomplex and only a minor form was recovered with the AAC complexes in the 150-200 kDa range. It is possible that the His Aac2 protein has enhanced the affinity for the cytochrome bc 1 -COX complex due to the presence of the Nterminal His-tag. Longer exposure times, (indicated by ↑Exp. in Figure 4D ) allowed detection of the endogenous AAC isoforms and of the less abundant populations of His Aac2. As was observed in ∆aac2 mitochondria, the other AAC isoforms present in the His Aac2-containing mitochondria, partitioned between the 90 kDa and 400kDa AAC complexes, with an abundant 200 kDa AAC complex partially overlapping with a TIM23* population.
We conclude on the basis of these data that the assembly state of the TIM23 complex is not grossly altered in the absence of Aac2, however a subtle affect on the TIM23* population may be observed in the null mutant extracts. It is possible that another AAC isoform (possibly Aac1 and/or Aac3) may also have the capacity to interact with TIM23*-containing complexes.
Aac2 can be recovered in association with a functional TIM23-PAM machinery
Complete transport of preproteins across the TIM23 complex into the matrix requires the concerted activity of the TIM23 translocase and its associated PAM complex, the "presequence translocase motor". The PAM complex is composed of mtHsp70 (Ssc1), Tim44, Pam16/Tim16, Pam17 and Pam18/Tim14, which together regulate the mtHsp70 protein and its physical association with the TIM23 complex (Kutik et al., 2007) . Evidence for the association of the TIM23 and associated PAM complex with the cytochrome bc 1 -COX complex has been previously presented (van der Laan et al 2007; Wiedemann et al., 2007; Saddar et al., 2008) . In addition to the TIM23 subunits, e.g. Tim17 and Tim50, components of the PAM motor, e.g.
Tim44
, and Pam16/Tim16 were recovered with the Ni-NTA affinity purified His AAC2 protein from both the rho + and rho 0 mitochondria ( Figure 5A ). We conclude therefore that the Aac2 protein can be recovered in association with both the TIM23 and PAM complexes. Furthermore, as the rho 0 mitochondria are deficient in the mitochondrially-encoded cytochrome bc 1 -COX subunits, we can conclude that the association of TIM23-PAM machinery with His Aac2, unlike Core1, does not depend on the presence of a fully assembled cytochrome bc supercomplex.
Finally, we tested whether the TIM23-PAM complex found in association with the Aac2-cytochrome bc 1 -COX supercomplex represented a translocation-active complex. The precursor of the β subunit of the F 1 -ATP synthase can be trapped as a translocation intermediate when the in vitro import reaction is performed at low temperature. Under these conditions, the F 1 β translocation intermediate spans both the TOM and the TIM23-PAM complexes and exposes its N-terminus to the matrix, where it becomes proteolytically matured by the mitochondrial processing peptidase (Schleyer and Neupert, 1985; Wiedemann et al., 2007) . Radiolabeled F 1 β precursor was imported into wild type and ∆aac2+ His Aac2 mitochondria at 4 o C and we tested the ability of the accumulated translocation intermediate to co-purify with the His Aac2 protein.
The mature-size radiolabeled F 1 β protein was recovered on the Ni-NTA beads when it was accumulated in the His Aac2-containing, but not wild type, mitochondria ( Figure 5B , upper and lower panels). The non-imported F 1 β precursor protein which accumulates on the outside of the mitochondria appeared to be recovered on the Ni-NTA beads in a largely non-specific manner, as recovery of the precursor was observed from wild type and His Aac2 bearing mitochondria, and even was observed when import was inhibited in the absence of membrane potential due to the presence of valinomycin. It is likely therefore that the non-imported species is prone to aggregation and hence non-specific recovery on the beads.
Taken together, we demonstrate that the mature-size We demonstrate here that the Aac2 protein co-purifies with the cytochrome bc 1 -COX supercomplex. The association of Aac2 with the cytochrome bc 1 -COX supercomplex was confirmed using a His-tagged Aac2 derivative and Ni-NTA affinity purification studies. It is important to note that the levels of His Aac2 are clearly substoichiometric to the endogenous wild type Aac2 levels and thus may be a limiting factor and affects the level of cytochrome bc 1 -COX recovered on the Ni-NTA beads. The association between the AAC proteins and the cytochrome bc 1 -COX complex is highly sensitive to detergent concentration, and is observed here using low concentrations of the mild detergent digitonin. This apparent sensitivity to detergent may explain why the association of AAC proteins with the solubilized cytochrome bc 1 -COX supercomplex has not been described before. Under the 0.5 % digitonin solubilization conditions, the majority of the solubilized AAC protein was found in association with the cytochrome bc 1 -COX
supercomplex. Approximately 70 % of the total AAC protein, and almost all (over 90 %) of the cytochrome bc 1 and COX complexes, were solubilized under the digitonin conditions used here (similar solubilization efficiencies of these complexes were observed for both the 0.5 and 1.5%
conditions; results not shown). Thus we can conclude that a significant fraction of the total mitochondrial AAC protein associates with the cytochrome bc 1 -COX supercomplex, the latter, like AAC is known to be an abundant mitochondrial protein complex. It is possible that the fraction of the AAC protein not solubilized under these detergent conditions may form a separate AAC subpopulation within the mitochondria, i.e. one which is not associated with the cytochrome bc 1 -COX complex, and thus potentially differs in its environment and solubility profile.
Why does the Aac2 protein exist in association with the cytochrome bc 1 -COX supercomplex in mitochondria? Under conditions of oxidative phosphorylation, external ADP 3- is transported into the mitochondria coupled to the exchange for ATP 4- , which is transported from the matrix across the inner membrane (Duszyński et al., 1981; Klingenberg, 1989 ; Pebay-energy generated by the respiratory chain complexes is required to support the exchange of ADP for ATP (Duszyński et al., 1981) . Both the cytochrome bc 1 and COX complexes play an active role in establishing the mitochondrial membrane potential through their H + -pumping activities (Saraste, 1999) . It is therefore possible that a direct physical association between the Aac2 protein and these H + -pumping complexes may be favorable in supporting the energetic demands of the ADP/ATP exchange process. However, the association of AAC with the cytochrome bc 1 -COX supercomplex is clearly not essential for function, as ADP/ATP exchange across the inner membrane can occur also in mitochondria deficient for these OXPHOS complexes.
On the other hand, it is possible that the co-assembly of Aac2 is favorable for the cytochrome bc 1 -COX complex. In support of this, we demonstrate that in the absence of Aac2 a decrease in COX enzyme levels was detected, an observation which is consistent with previously published cytochrome spectral analysis of ∆aac2 cells (Fontanesi et al., 2004) . In addition, an alteration in the assembly state of the cytochrome bc 1 -COX supercomplex was observed in the absence of Aac2. In wild type mitochondria, under the conditions used here, the cytochrome bc 1 -COX supercomplex was almost exclusively present in the III 2 -IV 2 or larger forms. In the absence of Aac2 we observed a significant change in the ratio of III 2 -IV to III 2 -IV 2 complexes and also the presence of some free cytochrome bc 1 subforms. BN-PAGE analysis, followed by a second dimension SDS-PAGE and Cox2 immunedecoration, indicated that the COX complex (although reduced in levels) was exclusively recovered in the III 2 -IV 2 and III 2 -IV supercomplex forms, i.e. Therefore we cannot conclude if the activity of the TIM23-PAM complex is specifically affected in the absence of the Aac2 isoform. Given that only a minor change in the assembly state of the TIM23* complex was observed in the absence of Aac2, and that other AAC isoform(s) may overlap in their capacity to interact with the TIM23* complex, it is possible that the function of this subpopulation of the TIM23 translocase is not significantly perturbed in the absence of Aac2 alone. In this respect it is important to note that the double deletion of the genes encoding the Aac2 and Aac3 isoforms, or the AAC2 and SAL1 genes, results in a lethal phenotype (note the ∆aac2,∆aac3 mutant is inviable under anaerobic conditions) (Drgon et al., 1992; Chen, 2004) ).
We propose here that the essential (and overlapping) role played by the Aac2, Aac3 and Sal1 proteins may be related to the functional integrity of the associated TIM23 complex, a complex required for cell viability.
In summary, we demonstrate here that the yeast Aac2 protein associates with the cytochrome bc 1 -COX-TIM23 supercomplex and this finding represents another example of the supercomplex organizational state of the mitochondrial OXPHOS complexes. The involvement of AAC proteins in human disease (e.g. autosomal-dominant progressive external ophthalmoplegia) and apoptosis has been well documented in the literature (Chen, 2002; Fontanesi et al., 2004; Napoli et al., 2001; Komaki et al., 2002; Zoratti et al., 1995; Bauer et al., 1999; Zamzami & Kroemer, 2001) . In these reports it has been indicated that the AAC proteins may play a structural role vital to the integrity of the mitochondrial membrane potential (Chen, 2002; Fontanesi et al., 2004 Mitochondria isolated from control wild type cells, ∆aac2 expressing the His Aac2 protein with a rho + or rho 0 background (∆aac2+ His Aac2, ρ + and ∆aac2+ His Aac2, ρ 0 , respectively), were lysed with digitonin and subjected to Ni-NTA chromatography. In addition a parallel sample of ∆aac2+ His Aac2, ρ 0 mitochondria were premixed with ∆aac2 (rho + ) mitochondria prior to lysis and analyzed in parallel. Ni-NTA purification and subsequent analysis was performed as described in Figure 2C . Following lysis of mitochondria with digitonin (1.5 %), samples were subjected to Ni-NTA chromatography, as described in Figure 2C . Samples were subjected to SDS-PAGE, Western blotting and autoradiography (upper panel). The level of radiolabeled F 1 β in each sample was quantified by phosphorimaging. The level of mature size F 1 β species recovered on the Ni-NTA beads from the wild type and ∆aac2+ His Aac2 samples was expressed as a percentage of the level of mature F 1 β present in their corresponding "total" lanes.
